Cytoplasmic free-Ca21 levels in Escherichia coli were measured by use of the fluorescent Ca +-indicator dye fura-2. Chemotactically wild-type E. coli regulated cytoplasmic free Ca2+ at -100 nM when no stimuli were encountered, but changes in bacterial behavior correlated with changes in cytoplasmic free-Ca2+ concentration. For (14) . In that work Gangola and Rosen loaded uncoupled, Tris/EDTA-permeabilized E. coli cells not with fura-2 but with the membrane-permeable pentaacetoxymethyl ester of fura-2. Once this ester was inside, the cells slowly hydrolyzed it to form fura-2, the compound needed for measuring free-Ca2+ levels.
by use of the fluorescent Ca2+-indicator dye fura-2 (15); the bacteria tightly regulate [Ca2+]i at "90 + 10 nM, similar to the level seen in eukaryotic cells (14) . In that work Gangola and Rosen loaded uncoupled, Tris/EDTA-permeabilized E. coli cells not with fura-2 but with the membrane-permeable pentaacetoxymethyl ester of fura-2. Once this ester was inside, the cells slowly hydrolyzed it to form fura-2, the compound needed for measuring free-Ca2+ levels.
To circumvent this requirement for hydrolysis, we directly loaded the cells with fura-2 itself by electroporation of that membrane-impermeable Ca2+ indicator. Then changes in bacterial behavior resulting from the addition of repellents or attractants were correlated with corresponding changes in [Ca2+] , in wild-type and mutant strains. The results of this study are described here. Preliminary reports of this have already been presented.t Some similar results were published recently by Watkins et al. (16) .
MATERIALS AND METHODS
Bacterial Strains. The bacteria used are derivatives ofE. coli K-12. Chemotactically wild-type strains are AW405 (17) , AW574 (18) , and AW607 (18) . RP5882 is Atsr (J. S. Parkinson, University of Utah). AW539 (19) and AW633 (20) are tar mutants. CP362 is Atsr Atrg A(tar-tap) (21) . RP3098 is AflhCD (ref. 22 ; renamed in ref. 23 ).
Growth Conditions. Cells were grown in Vogel-Bonner medium (24) containing the required amino acids at 1 mM and 50 mM glycerol (minimal glycerol medium) or in tryptone broth consisting of 1% Bactotryptone (Difco)/0.5% NaCl.
Electroporation Conditions. Bacteria were grown in tryptone broth by shaking them at 35°C until they reached an OD590 value of 0.4-0.6. Then they were harvested by centrifugation at 6000 x g for 3 min. The supernatant fluid was discarded, the pellet was resuspended, and 5 ml of electroporation buffer (1 mM Hepes, pH 7.2/10% glycerol) was added.
This procedure was followed by two more such washes in electroporation buffer, and finally the cells were suspended in 1 ml of electroporation buffer at an OD590 value of 2-6. The washed cells were stored on ice until electroporation. In some experiments, cells were grown in minimal glycerol medium instead of tryptone broth, and then in all subsequent steps minimal glycerol medium replaced tryptone broth.
Fura-2 (25-100 ,uM) was introduced into cells (200-,l suspension) with electroporation by the use of a single pulse of electricity at a capacity of 25 ,uF with a field intensity of 5 kV/cm at 200 fl for 4-6 ms in a Bio-Rad gene pulser. The resultant cytoplasmic concentration of fura-2 was about the same as the concentration of fura-2 added to the cells. Immediately after electroporation, cells were diluted with 1 ml of filtered used tryptone broth (in which E. coli had grown as described above) and incubated at room temperature for 15 min. Under these conditions 90% or more of the cells were still viable, they ran and tumbled, and they responded to repellents and attractants as judged microscopically. Cells were collected by centrifugation at 6000 x g for 3 min. The supernatant fluid was discarded, the pellet was resuspended, and 5 ml of HKM buffer (50 mM Hepes, pH 7.5/100 mM KCl/1 mM MgCl2) was added. This was followed by an additional wash in the same medium, and finally the cells were resuspended in HKM buffer at an OD590 of 0.1 (-7 x 107 bacteria per ml), and these cells were used for fluorescence measurements. In some experiments, HKM buffer was replaced by chemotaxis medium (10 mM potassium phosphate, pH 7.0/0.1 mM potassium EDTA/ 0.1 mM L-methionine), and the results were similar to those obtained by the above procedure. We have evidence that electroporation loads fura-2 into the cytoplasm rather than primarily into the periplasm (31) .
Alternatively, in some experiments, cells grown overnight in tryptone broth or minimal glycerol medium were used. Immediately after electroporation these cells were diluted into 10 ml of fresh growth medium of the same type and incubated at 35°C from an OD590 level of 0.05-0.1 up to 0.4-0.6. This procedure allows restoration of any small molecules lost during electroporation. Cells were collected by centrifugation at 6000 x g for 3 min. The supernatant fluid was discarded, the pellet was resuspended, and the same filtered used-growth medium or chemotaxis medium was added. This step was followed by an additional wash in either medium, and finally cells were resuspended in either medium at an OD590 value of 0.1.
Fluorescence Measurements. Fluorescence was measured at 30°C with an SLM Aminco spectrophotofluorometer interfaced with a computer. During the measurements the cell suspension was continuously stirred. The standard monochromator settings were at wavelength 340 nm for excitation and 510 nm for emission; excitation slit widths were 8 nm and 4 nm, respectively. Data were collected in 200-ms intervals. Reagents were added (10-100 ,ul into a total volume of 2 ml) with a microliter syringe through a light-protected port.
Measurement of [Ca2+]1.
[Ca2+]1 was calculated by use of the following equation (25):
where F is the fluorescence intensity of dye in the cells, Fmax (26, 27) , increased [Ca2+] , in the wild type for a time that was brief, lasting only seconds, and then the level returned to near the steady-state level ( Fig. 1 A-C) . Addition of the attractants L-serine or L-aspartate (19) , sensed by MCP-I and MCP-II, also called Tar, respectively (26, 27) (Fig. 1E) ; the second required several minutes for any return (see Fig. 5A ). The addition of ,B-alanine, which is neither an attractant nor repellent (19) , had no effect on [Ca2+], ( be explained, in part, by the short duration of the response, which makes its full capture difficult.
Because the MCP-II repellents Co2+, Mn2+, and Zn2+ quench fura-2 fluorescence (15), they were not tested. Repellents and attractants for MCP-III, also called Trg, or MCP-IV, also called Tap, were not tested.
The results of these experiments are summarized in column 1 of Fig. 2 , for the repellent L-leucine in Fig. 3 , for the attractant L-serine in Fig.  4 , and for the attractant L-aspartate in Fig. 5 .
Column 2 of (Figs. 2D, 3D, 4D , and SD and the last column of Table 1) .
Studies with a Nonmotile, Nonchemotactic Mutant. Strain RP3098 is defective in the master operon that controls the flagellar-chemotaxis regulon (22) , and thus it has no flagella and no chemotaxis proteins. After addition of a mixture of the repellents acetate, indole, and L-leucine or the attractant L-serine (L-aspartate was not tested), this nonmotile, nonchemotactic strain did not show any change in [Ca2+]1 (data not shown). (17 
,3-Alanine (1 mM) Chemotactically wild type was AW574; in some experiments AW405 and AW607 were also used. , Transient increase in cytoplasmic (29) .
Also in animals Ca2+-mediated signal tranduction is a common occurrence (for review, see ref. 30 ). 
